A low-molecular-weight proteolytic enzyme was purified 47-fold from outer membranes of Bacteroides gingivalis ATCC 33277 by preparative polyacrylamide gel electrophoresis. The enzyme was present in all B. gingivalis strains tested but was not found in other species of black-pigmented Bacteroides. The molecular weight, determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, was 19,500 when the enzyme was heated to 100°C in SDS before electrophoresis and 29,000 when it was mixed with SDS but not heated. The optimum pH, with azocasein as the substrate, was between 6.0 and 6.5. The activity was inhibited by phenylmethylsulfonyl fluoride, N-a-p-tosyl-L-lysine chloromethyl ketone, Hg2+, and various reducing agents. The enzyme was active against azocasein, azocoll, prollne-rich protein from saliva, and the synthetic peptide glycyl-L-proline-p-nitroanilide. The enzyme did not degrade acid-soluble collagen nor did it hydrolyze various arginine-and lysine-containing synthetic substrates.
Numerous microbiological studies suggest that Bacteroides gingivalis is an important etiologic agent (20, 28, 31) of periodontitis. This suspected periodontal pathogen has been shown to produce a number of potential virulence factors, including cell-associated and cell-free proteases (24) .
Much of the work on the proteolytic activity of B. gingivalis has involved measuring hydrolysis of various naturally occurring proteins by whole-cell and cell-free culture supernatants (4, 5, 10, 16, 25) . Unlike other organisms (21, 23) , no specific role in pathogenicity has been assigned to the proteolytic activity of B. gingivalis. Kaufman et al. (14) have demonstrated that a cell extract of B. melaninogenicus (previous taxonomy) possessing collagenase activity was able to increase the experimental septicemia caused by Fusobacterium nucleatum. More recently, Grenier and Mayrand (12) have shown that most of the B. gingivalis strains, infective in pure culture, were more collagenolytic than those which failed to cause lesions in guinea pigs. Some proteases elaborated by B. gingivalis could be associated with the disruption of host defenses. The organism degrades immunoglobulins (16, 25) , collagen (10) , and complement factors C3 and C5 (25) , as well as human proteinase inhibitors (4) and iron-binding proteins (5) . Yoshimura et al. (29) demonstrated that a partially purified membrane-bound enzyme was active against the synthetic substrate benzoyl-Larginine-pNA (pNA, p-nitroanilide). More recently, an intracellular membrane-free protease and an extracellular trypsin-like protease have been isolated and characterized by Tsutsui et al. (27) and Fujimura and Nakamura (9) , respectively.
In this study, we describe the isolation and characterization of a new cell-bound protease elaborated by B. gingivalis 33277.
MATERIALS AND METHODS
Bacterial strains and culture conditions. A total of 19 strains of black-pigmented Bacteroides spp. were Outer membranes were removed by shearing whole cells through a 26-gauge hypodermic needle followed by mixing in a Waring blender for 10 s. The mixture was centrifuged at 10,000 x g for 20 min to remove intact cells and debris. Outer membranes were isolated by centrifugation of the supernatant at 80,000 x g for 2 h. The pellet was then suspended in distilled water and lyophilized.
(ii) Preparative PAGE. Preparative polyacrylamide gel electrophoresis (PAGE) electrophoresis in a 12% resolving gel with the buffer system of Laemmli (18) 5) . Cellular debris and unbroken cells were cleared from the suspension by centrifugation (12,000 x g for 10 min), and the resulting supernatant was tested. The samples were solubilized in 2% SDS at 37°C for 30 min and electrophoresed on 12% SDS-PAGE. The proteases were visualized on a skim milk gel as described previously.
Chemicals. Synthetic peptides, IgA, IgG, azocoll, azocasein, azoalbumin, acid-soluble collagen, lysozyme, phospholipase C, neuraminidase, and trypsin (T-1005) were purchased from Sigma. Phospholipase A was purchased from Calbiochem-Behring, La Jolla, Calif.
RESULTS
Purification. Preliminary results in our laboratory have shown that strong proteolytic activity was associated with B. gingivalis 33277 cells which were harvested at early stationary phase. As the culture aged, the cell-bound activity decreased and activity in the supernatant increased. To study the proteases associated with the cells, an outer membrane fraction was prepared from an early-stationaryphase culture. The syringe shearing method yielded 8 mg (dry weight) of material per liter of culture. The SDS-PAGE pattern of the outer membrane preparation was similar to that described by Boyd and McBride (3) . This profile is an indication that the method minimized whole-cell lysis and cytoplasmic membrane contamination. The outer membrane fraction was found to be highly proteolytic, as revealed by the azocasein assay. The electrophoretic zymogram obtained from an outer membrane sample which had been incubated in 2% SDS at 37°C, using skim milk as the substrate, demonstrated the presence of three closely migrating protease bands (Fig. 1) . The intensity of activity of these three bands was similar and consistent from c preparation to another. Overnight incubation did not res in the appearance of additional bands. Treatment of 1 outer membrane preparation with lysozyme, phospholipa A and C, neuraminidase, or trypsin at 1 mg/ml for 30 min m not affect the electrophoretic zymogram. The faste migrating protease was chosen for further study. The quz tity of protease obtained after the second preparative PA( was estimated to be 25 ,ug, according to a protein deterr nation. This represents about 0.02% of the initial materi The purification resulted in a specific activity 47-fold grea than that of the crude material (Table 1) . Electrophoresis the unboiled purified enzyme on an SDS-polyacrylamide I yielded a single band whose presence could be demonstral either by silver nitrate staining or by protease activity oi skim milk gel (Fig. 1, lanes B and G) of gel system, the purified protease migrated as a smear when ted revealed by silver nitrate staining and protease zymogram. n a Under these conditions, the outer membrane preparation ing showed an additional fast-migrating band. The band obtained by silver staining corresponds to a molecular weight of approximately 29,000. However, when the sample was boiled in the presence of SDS and 2-mercaptoethanol, the molecular weight was 19,500 (Fig. 1,  lane A) . No bands were detected when gels of the purified ME protease were stained for lipopolysaccharide or carbohydrate. The higher-molecular-weight bands seen in lane A are contaminants from the solubilizing solution.
Optimum pH. The cell-bound protease was quite active over the pH range of 5.5 to 7.5. The optimum pH was estimated to be between 6.0 and 6.5 (Fig. 2) 55, 1987 -25°C; repeated freezing and thawing (five times) had no effect on the activity. A reduction of the activity was recorded when the enzyme was kept at 4°C for 24 h. Proteolytic activity was lost after storage at 37°C for 2 days. It does not appear that this loss of activity was due to self-digestion, since the 29,000-molecular-weight silverstaining band did not disappear even though enzyme activity was lost.
Inhibition assays. The effects of various enzyme inhibitors and metal ions on protease activity are shown in Table 2 .
Among the serine protease inhibitors tested, TLCK and, to a lesser extent, PMSF had an effect on the purified cellbound protease. A strong inhibition was caused by exposure to reducing agents (2-mercaptoethanol, dithiothreitol, and cysteine) or by reaction with PCMB. The metal chelator EDTA had no effect on the activity, whereas the metal ions Hg2+ and Zn2+ caused a strong inhibition. There was no difference in activity when the assay was performed in an anaerobic chamber rather than in air.
Peptidase and proteolytic activities. The peptidase and proteolytic activities of the enzyme are shown in Table 3 and Fig. 3 . The two azo substrates azoalbumin and azocoll, as well as gelatin and PIF-slow, were degraded by the purified enzyme. The PIF-slow was degraded to two major fragments having molecular weights of 22,500 and 15,000 and two minor fragments having molecular weights of 17,000 and 14,000. Complete hydrolysis to these four fragments occurred after 48 h of incubation with the enzyme. The protease did not hydrolyze IgG, IgA, or acid-soluble collagen. The dipeptide Gly-L-Pro-pNA was strongly hydrolyzed by the purified enzyme, whereas the tetrapeptide benzoylIle-Glu-Gly-Arg-pNA was weakly degraded. Except for the weak activity on L-glutamyl-pNA, no aminopeptidase activity was detected on various L-amino acid-pNA substrates.
Purified protease activity in various fractions of B. gingivalis and in different black-pigmented Bacteroides species. In addition to being found in the outer membranes, the purified protease activity was detected in the bleb or vesicular fraction. No activity could be detected in cell extracts or in a 20-times-concentrated supernatant which had been centrifuged to remove vesicle. Weak activity was detected in a 20-times-concentrated supernatant obtained from a 7-dayold culture, probably as a result of cell lysis. The protease activity was found in all 12 B. gingivalis strains examined. A similar proteolytic activity was not detected in B. endodontalis, B. denticola, B. levii, B. loescheii, or B. melaninogenicus. The two B. asaccharolyticus strains showed a high-molecular-weight protease band but nothing in the molecular weight region of the 29K protease. DISCUSSION B. gingivalis has been shown to possess a variety of proteases which differ in their sizes, pH optima, sensitivities to inhibitors, abilities to hydrolyze specific substrates, and location within or outside the cell. The protease described in this paper appears to be unique in terms of its molecular weight and location in an outer membrane preparation.
The purified protease has a molecular weight of 29,000 in its active form and 19,500 in the denatured state. It should be noted that the molecular weight of 29,000 was obtained in SDS under conditions where the activity was retained. Chromatography in the absence of SDS would probably indicate a much larger size. The trypsinlike proteases described by Fujimura and Nakamura (9) and Tsutsui et al. (27) were shown to have molecular weights of 65,000 and 50,000, respectively, by SDS-PAGE. The glycylprolyl dipeptidase described by Abiko et al. (1) had a molecular weight of 160,000. Proteases I and II, isolated by Fujimura and Naka- mura (8) , were estimated by gel filtration to have molecular weights of 420,000 and 73,000, respectively.
Unlike the other B. gingivalis proteases, the 29,000-molecular-weight enzyme appears to be associated with the outer membranes of the organism. The evidence supporting this view is that gentle procedures, which remove outer membranes but cause very little cell breakage, release the enzyme. Purified outer membranes possess the activity, as do vesicular structures released from growing cells. The enzyme is not present in the cytoplasmic fraction and is not secreted by actively growing cells. The possibility remains that the enzyme is periplasmic and released with the outer membrane. The precise localization of the enzyme remains to be determined. Yoshimura et al. (29) described a membrane-bound, trypsinlike enzyme but concluded on the basis of solubility in Triton X-100 that the enzyme was located on the cytoplasmic membrane. Fujimura and Nakamura (9) and Abiko et al. (1) characterized enzymes from culture supernatants obtained by centrifugation at 10,000 x g. These preparations would contain vesicular structures and therefore there is the possibility that they are associated with membranes.
The 29,000-molecular-weight protease described here is sensitive to TLCK and PMSF, suggesting that it is a serine protease. Interestingly, it is also sensitive to reducing agents, PCMB and Hg2+, suggesting that thiol groups play a critical role in conformation or at the active site.
The enzyme actively hydrolyzed a synthetic peptide containing the glycylprolyl dipeptide and failed to hydrolyze a variety of arginine-and lysine-containing synthetic peptides. The native proline-rich protein (PIF-slow), which contains 25% proline and 21% glycine (22) , was cleaved to give four large peptides. These could not be degraded further, suggesting that the enzyme was hydrolyzing specific peptide bonds. Given the high levels of glycine and proline in collagen, it was surprising to find that the enzyme would not degrade acid-soluble collagen. Possibly, the cleavage sites in collagen are not accessible when the molecule is in its native state. It could be that preliminary attack by other proteases or by a substance which separates the collagen into individual subunits would yield a substrate that could be hydrolyzed. Certainly, denatured collagen in the form of azocoll or gelatin was susceptible to hydrolysis. The enzyme described here is similar to the glycylprolyl dipeptidase characterized by Abiko et al. (1) in terms of its ability to hydrolyze glycylprolyl dipeptide and in its sensitivity to serine-reactive inhibitors, but it differs in pH optimum, in molecular weight, and in being found in the culture supernatant. Abiko et al. (1) did not mention whether their dipeptidylaminopeptidase attacked native proteins other than collagen. This comparison with the other B. gingivalis proteases suggests that the 29,000-molecular-weight protease is unique and is probably present in the outer membrane.
The discrepancy between the molecular weights of the SDS-heated and unheated preparations was not entirely unexpected, since it has been shown that the electrophoretic behavior of a number of outer membrane proteins varies considerably as a function of how they are prepared for electrophoresis. Porin P of Pseudomonas aeruginosa, which exists as a trimer when solubilized in SDS at temperatures below 60°C, has an apparent molecular weight of 94,000. The monomer, which is prepared by solubilization in SDS at 75°C, has a molecular weight of 48,000 (13; R. E. W. Hancock, personal communication). Thus, the apparent molecular weight of 29,000 observed in unboiled samples may represent a dimer with subunits having a molecular weight of 19,500. Alternatively, the molecular weight of 29,000 could be due to association with other constituents which are not seen in silver-stained gels of SDS-heated samples. It is unlikely that the material is lipopolysaccharide or carbohydrate, since the protease does not stain for either of these constituents.
Preparative gel electrophoresis of SDS-treated outer membranes coupled with detection by skim milk zymograms afforded a convenient and rapid procedure for the isolation of protease which, in its native form, is associated with the outer membranes of B. gingivalis. The apparent low recovery rate of the purified enzyme (1%) may be explained by the fact that the outer membranes contained other proteases which hydrolyzed the synthetic peptide glycylproline-pNA and would have contributed to the specific activity of the original preparation.
The three proteolytic bands detected in the outer membrane preparation could be three different proteases or a single protease associated with other constituents which modify its migration. Attempts to purify the higher-molecularweight protease seen in lane E of Fig. 1 always resulted in the appearance of the 29,000-molecular-weight protein and the loss of the higher-molecular-weight enzyme, suggesting that they represent a single enzyme activity. The The role of B. gingivalis proteases in the pathogenesis of periodontal disease is still unknown. However, it is reasonable to speculate that association of the protease with vesicles released by the cells would aid in the diffusion of the enzyme. The observation that B. gingivalis vesicles bind to serum-coated hydroxyapatite (6) or to other bacteria (11) would ensure that the protease remained within the sulcus where it would be able to exert its effect over a prolonged period of time.
